Pathogen-derived resistance (PDR) is a genetic mechanism that reduces host or cell susceptibility to virus infection and has been illustrated in several viral infection models. It is caused by expression of certain pathogen-derived genes interfering with infection by a closely related pathogen. It was first described by Sanford and Johnston in 1985 (35) and has been shown to be effective against arboviruses with a positive or negative RNA genome like dengue virus, La Crosse virus, or Rift Valley fever virus (7, 14, 30) . Resistance was demonstrated after in vitro or in vivo expression of a region of the viral genome. The cells or mosquitoes expressing these viral sequences became resistant to infection with the homologous virus (8, 27) . To induce PDR, the Sindbis alphavirus vector was utilized because its genome could be manipulated through an infectious cDNA (28, 32) . The replicon of the Semliki Forest virus (SFV), another alphavirus, was also used to interfere with the replication of Rift Valley fever virus in mosquito cells (7) . Resistance to infection was dependent on RNA but not protein expression. PDR was also induced by artificial, inverted-repeat RNAs homologous to the targeted dengue virus. Plasmid-transfected mosquito cells generated small interfering RNAs (siRNAs) that triggered silencing of homologous viral gene expression (2, 34) .
The concept of PDR and RNA interference (RNAi) has been relatively well documented in mosquitoes and mosquito cells, but very little is known in ticks and tick cells for the tick-borne viruses. Among bunyaviruses, the genus Nairovirus comprises 34 tick-borne viruses classified into seven serogroups. The main representatives are the widely distributed human pathogen Crimean-Congo hemorrhagic fever virus (CCHFV), which causes severe and often fatal hemorrhagic fever in humans (16) , and the Nairobi sheep disease virus, which circulates in Africa and Asia (23) and induces acute and fatal hemorrhagic gastroenteritis in sheep and goats. Although nairovirus infection in vertebrate cells has been documented (for reviews, see references 36 and 38) , there are only a few reports concerning nairovirus infection in their tick vector or in tick cells (31) .
In this study, we used the ISE6 tick cell line, derived from Ixodes scapularis (25) , and show that these cells supported the efficient replication of Hazara virus (HAZV), a nairovirus isolated from Ixodes ticks collected in Pakistan (5, 11, 18) . Because it is not pathogenic for humans, it was used as a model for the very pathogenic CCHFV, classified in the same serogroup (13) . We addressed the question of whether PDR against HAZV can be established in tick cells. This was achieved by expressing HAZV genome sequences via infection with specific recombinant SFV (rSFV). In these cells, PDR correlated with the detection of sequence-specific RNase activity and siRNAs, which strongly suggest the existence of a mechanism of RNAi. Altogether, these results establish the feasibility for the control of tick-borne viruses in their vector.
MATERIALS AND METHODS
Virus and cells. BHK-21 cells were grown in Glasgow minimum essential medium supplemented with 5% fetal calf serum, 10% tryptose phosphate, 10 mM HEPES, and antibiotics. Vero E6 cells were grown in Dulbecco's minimum essential medium supplemented with 10% fetal calf serum and penicillin/streptomycin. Cell line ISE6 was established from embryos of the black-legged tick Ixodes scapularis and grown as previously described (25) .
Hazara virus (strain JC280) and Dugbe virus (strain IbAr 1792) were provided by E. Gould (Natural Environment Research Council, Oxford, United Kingdom). Stocks grown by infecting BHK-21 cells at a multiplicity of infection (MOI) of 0.01 reached 10 6 to 10 7 focus-forming units (FFU) per ml. Virus was titrated by focus formation in Vero E6 cells. At day 5 postinfection, the agarose overlay was removed, cells were fixed with methanol, and infected foci were visualized after staining with HAZV antibody (dilution, 1:250) revealed by peroxidase-labeled anti-mouse antibody (dilution, 1:1,000).
Recombinant Semliki Forest virus. SFV replicons carrying partial or complete sequences of the HAZV or CCHFV S segment or a partial sequence of the HAZV L segment of Hazara virus were prepared by inserting the viral sequences, amplified by reverse transcription-PCR (primer sequence available upon request), into the unique BamHI site of plasmid pSFV1. Recombinant plasmids were linearized at the unique SpeI site, in vitro transcribed by the SP6 RNA polymerase, and electroporated into BHK-21 cells along with Helper-2 RNA to produce suicide particles, as described previously (22) . The sequence of CCHFV was derived from strain IbAr10200 (GenBank accession number U88410).
IFA. For immunofluorescence assay (IFA), cells grown and infected on a glass slide were fixed with 3.7% formaldehyde in phosphate-buffered saline and permeabilized with 0.5% Triton X-100. Mouse hyperimmune ascites raised against HAZV (a generous gift from R. Shope) was used at a dilution of 1:500 followed by fluorescein isothiocyanate-labeled secondary antibody (diluted 1:100) to stain the infected cells. Finally, the cells were stained by Evans' blue and observed under a fluorescent microscope with an appropriate barrier and excitation filters.
Western blot. For Western blotting, infected cells were lysed in TNE (50 mM Tris-HCl [pH 7.4], 100 mM NaCl, 0.5 mM EDTA) buffer containing 0.6% NP-40 and treated with benzonase (Merck) to digest nuclear DNA. Protein concentration was quantified by using a BCA protein assay kit (Pierce). Equal amounts of protein samples were loaded onto a 10% polyacrylamide gel and separated under denaturing conditions at 150 V and 20 mA. Proteins were transferred onto a nitrocellulose membrane (Hybond C extra; Amersham) and revealed using mouse hyperimmune ascites incubated overnight at 4°C at a dilution of 1:5,000 and secondary peroxydase-labeled antibody. Bands were revealed by Super Signal West Pico chemiluminescence (Pierce) on Fuji Medical X-ray films.
RNA analysis. For Northern blots, total RNA was extracted using Trizol and denatured in the presence of 50% formamide, and RNA (3 g) was electrophoresed in a 0.8% denaturing agarose gel containing 6% formaldehyde (21) . The samples were blotted onto Hybond N membranes (Amersham). Prehybridization and hybridization with the riboprobes (see below) were performed at 42°C in a buffer containing 50% formamide, 5ϫ Denhardt's solution, 0.5% sodium dodecyl sulfate (SDS), 5ϫ SSPE (0.75 M NaCl, 50 mM NaH 2 PO 4 , 5 mM EDTA, pH 7.4), and 20 g/ml salmon sperm DNA. The membrane was hybridized overnight and washed successively with 2ϫ SSPE containing 0.1% SDS at room temperature for 20 min, 1ϫ SSPE containing 0.1% SDS for 20 min at 65°C, and 0.1ϫ SSPE containing 0.1% SDS for 20 min at 65°C. The riboprobe complementary to the HAZV S segment was synthesized from full-length S cDNA cloned in pGem-4Z (Promega) downstream from the SP6 promoter. The plasmid was linearized with the appropriate restriction enzyme, and the RNA was synthesized using SP6 polymerase in the presence of [␣-32 P]CTP (Amersham). Detection of RNase activity in cell extracts was carried out as described previously (17) using 32 P-labeled specific and unspecific probes, i.e., in vitro RNA transcripts encompassing, respectively, the first 784 nucleotides (nt) of the mRNA of the HAZV nucleoprotein or the first 501 nt of the mRNA of the nucleoprotein of Rift Valley fever virus and cloned in pGem-4Z (Promega) downstream from the SP6 promoter.
RNase protection assays were performed using the RPA III kit (Ambion) following the manufacturer's instructions. Each assay was carried out with 20 g of total cellular RNA hybridized to an RNA probe synthetized in vitro using SP6 RNA polymerase. The HAZV S RNA probe is 126 nt long, including a 20-nt sequence from the pGEM 4Z vector, and represents the S viral complementary RNA sequence from positions 1 to 106. The SFV RNA probe is 98 nucleotides long and represents the sequence of the SFV-1 genome from positions 7303 to 7401. The protected RNAs were heat denatured and analyzed by electrophoresis in a 15% polyacrylamide-7 M urea gel together with an RNA ladder. 6 FFU/ml on day 8 postinfection (p.i.) (Fig. 1A) , a value close to that obtained with BHK-21 cells. Viral replication was also monitored by Western blotting and IFA. The nucleoprotein accumulated in the cytoplasm (Fig. 1B and C) as has been shown for bunyaviruses which replicate in the cytoplasm (36) . Compared to the mammalian system, the virus grew slowly in ISE6 cells. By 96 h p.i., only 10 to 20% of cells that had been infected at an MOI of 1 reacted with antibody specific to nucleoprotein as observed by IFA (Fig. 1C, day 4) . The percentage of positive cells increased with time, reaching approximately 60 to 80% on day 8 p.i. (Fig. 1C) .
RESULTS

ISE6
Recombinant SFV-HAZ infects ISE6 cells and protects against HAZV superinfection. Arthropod cells, and ISE6 cells in particular, are very fragile, and plasmid transfection efficiency is very low in these cells. Therefore, we tested the ability of rSFV to infect tick cells. pSFV1-based plasmids were constructed by inserting the complete HAZV S-segment cDNA in the genomic and antigenomic orientations into the multiplecloning site, producing the corresponding suicide viruses SFV-HAZ-Sg and SFV-HAZ-Sag, respectively. The suicide viruses infect a wide variety of cells but cannot propagate because the encapsidated replicon lacks the region coding for the structural proteins (37) . The recombinant suicide virus SFV-HAZ-Sag containing the message sense sequence expresses the HAZV nucleoprotein after infection of BHK-21 cells (not shown). Nucleoprotein expression was also monitored in ISE6 monolayers by IFA and Western blot. The majority of cells infected at an MOI of 5 were positive for viral nucleoprotein by 24 and 48 h p.i., but the percentage of positive cells (detected by IFA) and the amount of protein (estimated by Western blot) decreased during the following days, being undetectable at 8 to 10 days p.i. (data not shown). Furthermore, in contrast to mammalian cells, no visible cytopathic effect was observed during infection in ISE6 cells.
In an attempt to induce PDR against HAZV in ISE6 cells, we utilized SFV-HAZ-Sag and SFV-HAZ-Sg (i.e., expressing no protein) as well as SFV-HAZ-Lg and SFV-HAZ-Lag, containing part of the L segment in both orientations, and SFV-CCHF-Sag, expressing the nucleoprotein of CCHFV. The latter was used to study the importance of sequence conservation for induction of PDR and RNAi. PDR was evaluated by titration of HAZV produced in the culture medium at day 8 p.i. Since rSFV does not produce infectious viral particles, it does not interfere with the titration of HAZV.
When cells infected with SFV-HAZ-Sg or SFV-HAZ-Sag were superinfected with HAZV on day 2 p.i., the HAZV yield was reduced by 3 to 4 log compared to the titer reached in cells infected either with HAZV alone or with HAZV and SFV1, the recombinant SFV with no insert (Table 1) . This indicates that expression of the HAZV S segment induced strong resistance against HAZV, while infection by the SFV1 vector has no inhibitory effect. The interference occurred in cells expressing the N open reading frame as well as the complete HAZV S segment with the sequence in the coding or noncoding orientation, confirming that the mechanism underlying PDR was not protein dependent but was due to viral RNA synthesis. In later experiments, PDR against HAZV was therefore induced using SFV-HAZ-Sg which expresses only RNA but no protein.
In cells infected with SFV-HAZ-Sg or SFV-HAZ-Sag, a dramatic reduction of HAZ virus titer was linked to significant reduction in viral proteins and viral RNA as monitored by Western and Northern blotting (Fig. 2) . In contrast to SFV expressing the S sequence, recombinant virus expressing the L sequence or the CCHFV S segment had almost no interfering effect. The reason why the L sequence has no effect is not known, but this has also been observed with other bunyaviruses (7, 29, 30) . The results with the CCHFV S segment are not unexpected, considering that the HAZV and CCHFV sequences have only 60% identity (24) and that RNA-dependent silencing is highly sequence specific. Similarly, replication of another member of the nairoviruses, Dugbe virus, in ISE6 cells expressing the HAZV sequences was not affected, confirming that sequence specificity is crucial (not shown).
To determine if PDR can persist, cells were infected with SFV-HAZ-Sg and challenged with HAZV at day 0, 1, 2, 3, 4, or 5 p.i. The results summarized in Table 2 indicate that interference occurred almost to the same extent when ISE6 cells infected by rSFV were superinfected with HAZV 1 to 5 days after infection. This shows that the process is rapidly estab- a Cells were infected by rSFV, and at 2 days p.i., they were superinfected with HAZV. The virus released in the culture medium at day 8 after HAZV infection was titrated.
lished after HAZV RNA expression and lasted for several days.
HAZV replication can be silenced by SFV-HAZ superinfection. The above-mentioned data showed that HAZV S RNA, when expressed prior to HAZV infection, mediated PDR. To determine whether cells first infected by HAZV could be cured or virus replication could be reduced by superinfection with rSFV, ISE6 cells were first infected with HAZV at an MOI of 1. Two days postinfection, cells were superinfected with SFV-1 or SFV-HAZ-Sg. Four and 8 days after HAZV infection, the replication of HAZV was assayed. SFV-HAZ-Sg superinfection reduced HAZV yield more than 100-fold (Table 3) . This shows that prior infection with HAZV does not compromise the ability of the rSFV replicon to silence the targeted virus.
Recombinant SFV-HAZ induces RNAi against HAZV. If PDR was due to RNAi, we assumed that a specific Dicer-like RNase activity specifically targeting HAZV RNA should be detectable, as described in Drosophila melanogaster cells and organisms that exhibit RNA silencing (6) . Thus, the presence of RNase activity in extracts of ISE6 cells infected with SFV-HAZ-Sg and harvested 48 h p.i. was assayed after incubation with specific or nonspecific RNA molecules. The probe representing the HAZV S mRNA sequence was rapidly and almost completely degraded after a 30-min incubation (Fig. 3A , compare lanes 1 and 2), whereas the RNA molecules representing the unspecific sequence were only partially degraded after 60 min (lanes 4 to 6). These results strongly suggest the presence of a specific RNase activity as well as a low-activity nonspecific RNase that probably targets any naked RNA.
Because small 21-to 24-nt-long interfering RNAs are a hallmark of RNAi, we attempted to detect specific siRNAs using an RNase protection assay. Total RNA from ISE6 cells infected with SFV-HAZ-Sg at day 2 or 3 p.i. was denatured, hybridized with a 32 P-labeled single-stranded RNA (ssRNA) probe representing a region of the HAZV N mRNA, and digested with ssRNA-specific RNase. As shown in Fig. 3 , using a probe corresponding to 106 nt at the 5Ј end of the antigenome of the S segment of HAZV, we were able to detect 21-to 24-nt-long siRNA in cells infected with SFV-HAZ-Sg (Fig.  3B, lanes 3 and 4) but not in uninfected cells (lane 2) or cells infected with SFV1 (not shown). Moreover, cells infected with SFV-HAZ-Sg and collected at 72 h harbored significantly more siRNAs than those collected at 48 h p.i., suggesting that . This is in agreement with the fact that the viral nucleoprotein accumulated over time during infection (Fig. 1) . Moreover, siRNAs corresponding to a region specific for the replicon were also detected (Fig. 3B, lanes 6 and 7) , but as expected, they were found in cells infected with SFV-HAZ-Sg as well as with SFV1 (Fig. 3B, lanes 10 and 11) . This implies that once SFV infection is initiated, its expression is downregulated. This is exactly what we observed: expression of HAZV nucleoprotein by SFV-HAZ-Sag was visible 24 and 48 h p.i. but decreased progressively afterwards. Interestingly, SFV downregulation correlated with the presence of siRNAs. We should point out that cells infected with SFV-HAZ-Sag on day 3 p.i. or later and which expressed low levels of N RNA nevertheless efficiently silenced HAZV replication. Evidently, the level of siRNAs was high enough to block multiplication of both the SFV replicon and HAZV.
DISCUSSION
Ticks are vectors for many viral, bacterial, and protozoan pathogens affecting humans and animals (e.g., tick-borne encephalitis virus, Crimean-Congo hemorrhagic fever virus, Lyme borreliae, and babesias). A major challenge for the control of arboviruses is to find means to interfere with the replication of the virus in its vector. We report here the use of recombinant Semliki Forest virus to induce RNA silencing against the nairovirus HAZV in tick cells expressing the nucleoprotein gene. The SFV replicon is a useful vector infecting a wide range of vertebrate and invertebrate cells. Mosquitoes are the natural vector of SFV, and the SFV replicon was shown to inhibit replication of Rift Valley fever virus in mosquito cells via an RNA-mediated mechanism (7) . Similarly, recombinant Sindbis viruses can induce silencing against Dengue and La Crosse viruses in mosquitoes and mosquito cells (1, 27) . To our knowledge, this is the first report concerning the silencing of a tick-borne virus in I. scapularis tick cells via RNAi. Similar to results obtained previously by others (7, 14, 30) , we found the nucleoprotein gene to be a potent inducer of RNAi against bunyaviruses, whereas the L gene was much less efficient. It seems that not every sequence is able to induce RNAi. Indeed, Caplen et al. found that when RNAi was induced against SFV by synthetic double-stranded RNAs (dsRNAs), dsRNA representing a sequence from the nsp-1 gene failed to trigger silencing, whereas dsRNA from nsp-2 and nsp-4 were highly active (10) . It should be noted that rSFV allows induction of a wide range of siRNAs, which reduces the risk for generation of viral escape mutants due to nucleotide substitutions in the sequence targeted by the siRNAs, as has been shown to occur with synthetic siRNAs against poliovirus and human immunodeficiency virus (9, 15) .
One hallmark of RNAi is the presence of 21-to 24-nt siRNAs which are produced through the specific cleavage of dsRNA by an RNase III-like enzyme named Dicer (6) . The siRNAs associate with various proteins forming the enzymatic complex RISC (RNA-induced silencing complex) including the Argonaute protein, which harbors a helicase and targets mRNAs (17) . The antisense strand of the siRNA guides RISC to the mRNA target, and the nuclease component cleaves the RNA in a sequence-specific manner. The mechanism was demonstrated in plants, Drosophila melanogaster, Caenorhabditis elegans, fungi, mammals, and mosquitoes. Less is known from ticks, but the experiments described here indicate the existence of such a mechanism: (i) the phenomenon is sequence specific, SFV-CCHF-Sag does not interfere with HAZV replication, and Dugbe virus is not silenced by SFV-HAZ-Sg (Table 1) ; (ii) the RNase activity preferentially degrades the HAZV probe (Fig. 3A) ; and (iii) specific 21-to 24-nt-long siRNAs are present in ISE6 cells infected with recombinant SFV (Fig. 3B) . The siRNAs detected with the SFV-specific probe were observed in ISE6 cells infected with SFV-HAZ-Sg as well as with SFV1, indicating that SFV is at the same time the inducer and the target for RNA silencing, the silencing being directed towards the viral sequence expressed by the replicon and toward the replicon itself. This implies that SFV expression is selfinhibited, as evidenced by the fact that expression of the N protein is optimal at 48 h p.i. and declines progressively thereafter. This decrease did not affect silencing of HAZV but seems to correlate with increasing production of siRNAs over time (Fig. 3B , compare lanes 3 and 4 and 6 and 7). Similarly, declining protein or RNA expression in alphavirus-infected insects and cell lines did not interfere with efficient silencing that occurred even with low levels of effector RNAs (1, 34) . The alphavirus O'nyong-nyong replicated to much higher titers in mosquitoes when the RNAi pathway was blocked by silencing the Argonaute2 gene (part of the RISC). This provides further evidence that RNAi functions as an antiviral response in insects (20) . Our results suggest that a similar mechanism is active in tick cells, and it is likely that an Argonaute homolog is involved in RISC formation.
RNAi is being used as a tool for functional gene analysis in invertebrates including ticks and is now being used as a therapeutic tool in invertebrates and vertebrates. In ticks, various genes coding for proteins secreted by the salivary glands, i.e., the histamine binding protein, the anticoagulant Salp-14, or synaptobrevin (3, 4, 19, 26) , have been specifically silenced using this approach. These reports not only showed that dsRNA-induced gene silencing can occur in ticks but suggest that RNA interference can spread from the injection site to the salivary glands. A similar mechanism, involving the SID-1 protein (12, 39) , exists in plants and in C. elegans but seems absent in D. melanogaster (33) .
In summary, if applicable to the whole tick, our results suggest that nairovirus replication could potentially be inhibited via expression of the nucleoprotein RNA sequence in the tick vector, ablating virus transmission to the vertebrate hosts. This could be of special interest for the highly pathogenic CCHFV. With the recent development of transgenic mosquitoes, it may soon be possible to apply the technology to other invertebrates. Transgenic ticks expressing pathogen-specific siRNAs could potentially be used to disrupt the natural transmission cycle of many human and animal diseases.
